Endoplasmic reticulum (ER) stress sensors use a related luminal domain to monitor the unfolded protein load and convey the signal to downstream effectors, signaling an unfolded protein response (UPR) that maintains compartment-specific protein folding homeostasis. Surprisingly, perturbation of cellular lipid composition also activates the UPR, with important consequences in obesity and diabetes. However, it is unclear if direct sensing of the lipid perturbation contributes to UPR activation. We found that mutant mammalian ER stress sensors, IRE1α and PERK, lacking their luminal unfolded protein stress-sensing domain, nonetheless retained responsiveness to increased lipid saturation. Lipid saturationmediated activation in cells required an ER-spanning transmembrane domain and was positively regulated in vitro by acyl-chain saturation in reconstituted liposomes. These observations suggest that direct sensing of the lipid composition of the ER membrane contributes to the UPR.
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lipid bilayer | membrane fluidity | integral membrane protein | palmitic acid P rotein folding homeostasis in the lumen of the endoplasmic reticulum (ER) requires matching the flux of unfolded proteins entering the organelle to the capacity of the machinery for processing this biosynthetic load. To achieve this, eukaryotes have evolved signaling pathways that couple ER perturbation (or stress) to a rectifying gene expression program referred to as the unfolded protein response (UPR). Upstream in these pathways are ER localized transmembrane proteins, such as the product of the Inositol REquiring 1 gene (IRE1) (1, 2) and Protein kinase r-like Endoplasmic Reticulum Kinase (PERK) (3) , that sense a luminal stress signal(s) and convey it to downstream effectors via their enzymatic activities.
The unfolded protein load in the ER regulates IRE1 and PERK activation by two complementary processes: One involves the luminal chaperone immunoglobulin heavy chain binding protein (BiP), which complexes with the luminal domain of IRE1 and PERK, maintaining the enzymes in an inactive, monomeric form. Increases in unfolded protein correlate with disruption of this repressive complex, oligomerization, and activation of the sensor (4) (5) (6) . The other process involves unfolded proteins that may also engage the stress-sensing luminal domain directly and favor its dimerization and thereby downstream signaling (7, 8) .
Perturbation of cellular lipid composition also activates the UPR. Enhanced UPR signaling has been observed in cholesterol-loaded macrophages (9) , in pancreatic beta cells exposed to saturated fatty acids (10) , and in the liver of mice fed a high-fat diet (11) and is believed to play a role in the lipotoxicity associated with obesity and type II diabetes mellitus. In yeast, too, lipid perturbation activates the UPR (12, 13) , but the mechanisms remain obscure.
In mammals, altered membrane lipid composition leads to ER calcium depletion (11, 14) . This is proposed to promote unfolded protein stress by interfering with calcium-dependent chaperones and enzymes required for protein folding, leading to activation of the UPR by conventional sensing mechanisms. However, a recent study reported that the luminal stress-sensing domain of yeast IRE1 is dispensable to activation by lipid perturbation (15) , suggesting that UPR signaling by altered lipid composition may also proceed independently of conventional unfolded protein stress sensing in the yeast ER lumen. It is presently unknown if a similar process prevails in mammals, but recent studies hint at possible mechanisms: The cytosolic, catalytic, effector domain of yeast IRE1 can be directly activated by flavonols, which engage a hydrophobic pocket at the dimer interface stabilizing the active form of yeast IRE1 (16) . It is unclear, however, if other hydrophobic ligands, such as lipids, can regulate IRE1's effector domain by a similar mechanism; and the kinase domain of mammalian PKR binds palmitate directly (17) ; however, it is unknown if the highly related kinase effector domain of PERK is also regulated by lipids.
Here we report on a dissection of lipid perturbation-mediated UPR activation in mammalian cells. Our findings uncover a luminal-independent component, which nonetheless requires an ER-spanning transmembrane domain, thus revealing the potential of the lipid bilayer to directly modulate UPR signaling, independently of changes to protein folding homeostasis in the ER lumen.
Results
Luminal ER Stress-Sensing Domain of IRE1 and PERK Is Dispensable to Their Activation by Lipid Perturbation. To explore mechanisms of lipid perturbation-induced UPR signaling, mouse cells homozygous for a mutant null allele of Ern1, encoding IRE1α, were transduced with retroviruses expressing Flag-M1-tagged full-length IRE1α (FL-IRE1α) or a Flag-M1-tagged ER-targeted mutant IRE1α lacking the luminal stress-sensing domain (ΔLD-IRE1α) (Fig. 1A and Fig. S1 ). The mutant cells have no endogenous IRE1 activity and express no detectable IRE1 protein and thus report on the activity of the transduced IRE1 with no interference by the endogenous protein (18) . Stable clones, expressing roughly comparable levels of IRE1α effector (Fig. S2A) were exposed to the glycosylation inhibitor, tunicamycin; the ER calcium pump inhibitor, thapsigargin; or the reducing agent DTT, all known inducers of ER unfolded protein stress. IRE1 activity was measured by the splicing of its substrate, the X-box binding protein 1 encoding Xbp1 mRNA and was readily detected in FL-IRE1α-expressing cells subjected to unfolded protein stress. By contrast, no increase in Xbp1 mRNA splicing was detected in similarly treated ΔLD-IRE1α-expressing cells (Fig. 1B and Fig. S2B ). Total Xbp1 mRNA levels increase in ER stressed cells, independently of IRE1 (18) . Therefore, the comparable increase in total Xbp1 mRNA in tunicamycin and thapsigargin-treated ΔLD-IRE1α and FL-IRE1α-expressing cells reported on similar levels of unfolded protein stress (Fig. 1C) and confirmed the unresponsiveness of ΔLD-IRE1α to luminal signals, suggested by Fig. 1B .
Increased membrane lipid saturation by genetic or pharmacological inhibition of stearoyl CoA desaturase 1 (SCD1) (19) and by loading of cultured cells with the saturated fatty acid palmitate (10) has been reported to promote UPR signaling. In keeping with these observations, exposure to an SCD1 inhibitor resulted in a fourfold increase in Xbp1 mRNA splicing in FL-IRE1α-expressing cells, which increased to eightfold when compounded with palmitate loading. Interestingly, SCD1 inhibition and palmitate loading also activated Xbp1 mRNA splicing in ΔLD-IRE1α-expressing cells (Fig. 1B) , but not in the parental IRE1α knockout cells (Fig. S2B) .
Activation of IRE1's RNase activity is preceded by oligomerization-mediated transautophosphorylation (20) , which can be detected by the change in mobility of the protein on SDS/ PAGE gels impregnated with a phosphate ligand (Phos-tag). FL-IRE1α extracted from untreated cells migrated as two species on Phos-tag gels. Exposure to thapsigargin or tunicamycin led to disappearance of the faster-migrating species and its replacement by slower migrating species, unique to each manipulation (compare lanes 1-3 in Fig. 1D ). SCD1 inhibition and palmitate loading were also associated with a shift toward slower-migrating species that collapsed to a faster-migrating one upon exposure of the sample to phosphatase in vitro (Fig. 1D, lanes 6 and 7) . Thus, both luminal unfolded protein stress and lipid perturbation are associated with activating phosphorylation of FL-IRE1α.
ΔLD-IRE1α extracted from untreated cells gave rise to two prominent fast migrating immunoreactive species and a fainter slower-migrating one. This Phos-tag gel pattern was unaltered by exposure of cells to thapsigargin or tunicamycin (compare lanes 8-10, Fig. 1D ). By contrast, SCD1 inhibition and palmitate loading led to redistribution of the ΔLD-IRE1α to lower-mobility species that also collapsed to a single faster migrating species upon dephosphorylation in vitro (lanes 11-14, Fig. 1D ). Lipiddriven activation of ΔLD-IRE1α likely proceeds by conventional transautophosphorylation, as it is blocked by the K599A (21) mutation in the ATP-binding pocket of the kinase domain (Fig.  S3 ). Thus, ΔLD-IRE1α activation is selectively responsive to lipid perturbation.
PERK is also activated by membrane lipid saturation (10, 19) . To test if luminal-independent signals are involved in that process too, an ER-targeted PERK lacking its luminal stresssensing domain (ΔLD-PERK, Fig. 2A ) was expressed in mouse fibroblasts deleted of endogenous Eif2ak3/PERK. PERK undergoes extensive stress-induced autophosphorylation, which is readily detected by a shift to slower migrating forms on SDS/ PAGE (3). As expected, phosphorylation of endogenous PERK was significantly increased in wild-type cells exposed to thapsigargin or tunicamycin (Fig. 2B, lanes 1-3) . PERK phosphorylation was increased in cells treated with an SCD1 inhibitor, alone or in combination with palmitate loading (Fig. 2B , lanes 4-6). Only a minimal decrease in ΔLD-PERK mobility on SDS/ PAGE was observed in cells exposed to thapsigargin and none in response to tunicamycin (Fig. 2B , lanes 7-9), indicating that the phosphorylation of ΔLD-PERK does not increase substantially in response to luminal unfolded protein stress. By contrast, a modest increase in ΔLD-PERK phosphorylation was observed in cells treated with the SCD1 inhibitor, and phosphorylation was markedly enhanced by palmitate loading (Fig. 2B , lanes [10] [11] [12] . In vitro treatment with lambda phosphatase collapsed the heterogenous slower-migrating bands of ΔLD-PERK into a faster-migrating species, confirming that the former represent hyperphosphorylated PERK (Fig. 2B, lane 13) . Lipid activation of ΔLD-PERK likely proceeds by conventional downstream mechanisms as it was disrupted by the arginine 584 to glutamate mutation (R584E), which interferes with the formation of a backto-back active PERK kinase domain dimer (22, 23) (Fig. 2C ). These observations indicate that both PERK and IRE1α can be activated by luminal-independent signals in cells with enhanced lipid saturation.
Membrane Tethering Mediates Sensitivity to Lipid Saturation. The isolated cytosolic domains of IRE1α and PERK are both enzymatically active, in vitro. Therefore, to further define the minimal requirements for IRE1α and PERK activation by lipid saturation in cells, we tested whether their isolated cytosolic effector domains could be activated in the absence of a membrane-spanning segment. The cytosolic effector domain of human IRE1α (residues 464-977, Fig. 3A ) was readily expressed as a Flag-tagged fusion protein in the cytoplasm of cells lacking endogenous IRE1 (Fig. 3B) . However, it failed to splice endogenous Xbp1 mRNA, unlike the transmembrane domaincontaining ΔLD-IRE1α, which responded to lipids (Fig. 3C) . Samples were resolved on a SDS/PAGE gel containing Phos-tag. The position of hypophosphorylated (0) and phosphorylated (P) IRE1α is indicated. In lanes 7 and 14, lambda phosphatase (λ) was applied in vitro to the purified IRE1α.
The specific residues constituting the transmembrane domain seemed less important, as both FL-IRE1α and ΔLD-IRE1α remained responsive to lipid saturation when the sequence of their transmembrane domain was scrambled or replaced by that of the unrelated ER localized transmembrane protein calnexin ( Fig. S4 A and B) . Nonetheless, not all membrane-spanning protein kinases are activated by lipid perturbations that activate the membrane-tethered UPR transducers. The epidermal growthfactor (EGF) receptor undergoes activating autophosphorylation in cells exposed to EGF, but is not activated by SCD1 inhibition and palmitate loading (Fig S4 C and D) .
To study the role of membrane tethering in PERK activation by lipid saturation, we made use of a previously characterized fusion of a modified FK506 binding domain (Fv2E) to PERK's cytosolic effector domain (Fv2E-PERK) that undergoes ligand-induced dimerization (24) (Fig. 3D) . As expected, Fv2E-PERK was strongly responsive to its ligand, the compound AP20187, reflected in a shift in its mobility on SDS/PAGE; however, unlike ΔLD-PERK the cytosolic Fv2E-PERK was unresponsive to lipid perturbation (Fig. 3E ).
These observations demonstrate an essential role for membrane tethering in lipid saturation-induced activation of IRE1 and PERK. The ratio of unsaturated and saturated acyl chains affects membrane fluidity and thickness (25) . IRE1 and PERK responded to this ratio, as UPR activation by SCD1 inhibition and palmitate loading was antagonized by coexposing cells to the monounsaturated oleic acid that restores the balance between saturated and unsaturated acyl chains in the membrane (Fig. 4 A-C) . These observations suggest that IRE1 and PERK could directly sense changes in the biophysical properties of membranes, via their transmembrane domains.
Modulation of UPR Signaling by Lipid Composition in Proteoliposomes.
To further isolate the effects of lipids on UPR activity from its effects on luminal unfolded protein stress we reconstituted aspects of PERK activity in proteoliposomes that are devoid of unfolded ER client proteins. The transmembrane and kinase domain of PERK was expressed in Escherichia coli as a hexahistidine-tagged fusion protein (6-His-ΔLD-PERK, Fig. 5A ), purified and reconstituted into liposomes containing variable amounts of 1,2-dioleoyl-snglycero-3-phosphocholine (DOPC), a monounsaturated phosphatidylcholine, and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), a saturated phosphatidylcholine (PC) (similar attempts to express ΔLD-IRE1 in bacteria were unsuccessful). PERK-containing proteoliposomes were isolated by flotation. A histidine-tagged PERK kinase domain lacking the transmembrane domain (6-His-PERK-KD, Fig. 5A ) did not associate with liposomes after flotation, indicating that 6-His-ΔLD-PERK integrated into the liposomes via its transmembrane domain (Fig. S5) . In 6-His-ΔLD-PERK proteoliposomes, both PERK autokinase activity (Fig. 5 B  and C) and phosphorylation of its substrate, the purified alpha subunit of translation initiation factor 2 (eIF2α) (Fig. 5 D and E) , were greater in liposomes containing more saturated acyl chains. Importantly, the positive effect of lipid saturation on PERK enzymatic activity was also observed across the 40% saturation mark, which corresponds to the saturation levels measured in ER membranes (26) and in response to changes in saturation observed in disease models (27) .
To gauge the role of the transmembrane domain in the sensitivity of PERK kinase activity to saturation levels, the histidinetagged PERK kinase domain lacking the transmembrane domain (6-His-PERK-KD, Fig. 5A ) was bound to liposomes containing 1% lipid with a nickel-nitrilotriacetic acid (NTA)-bearing head group (28) . The enzymatic activity of nickel-NTA-bound PERK was weak by comparison with the 6-His-ΔLD-PERK-containing proteoliposomes (Fig. 5, compare B and F) and unresponsive to lipid saturation in the physiological range (Fig. 5 F and G) . These observations suggest that the transmembrane domain can mediate aspects of the regulation of PERK kinase activity by lipids, independently of unfolded protein signaling.
Discussion
In mammalian cells, IRE1 and PERK lacking the luminal unfolded protein-stress sensing domain retained the ability to detect perturbation of membrane lipid composition. Activation required ER retention via a transmembrane domain and the positive relationship between acyl chain saturation and enzymatic activity of PERK was reconstituted in vitro, in isolation from luminal unfolded protein stress. Together these observations call attention to the potential role of IRE1 and PERK as direct lipid sensors. Dimerization of the cytosolic effector domains is a proximate driver of PERK (4, 23, 24) and IRE1 activation (20) . In the intact protein, this is initiated by dimerization of the stress-sensing luminal domain incorporating the entire protein, including its transmembrane domain into the oligomer. Our findings suggest that perturbation of membrane lipid composition could promote IRE1 and PERK activation by enhanced dimerization via their transmembrane domain. Dimerization requires disruption of interactions between the phospholipid acyl chains and amino acids at the dimer interface. Saturated acyl chains are less flexible than unsaturated acyl chains and interact less strongly with transmembrane domains. Thus, the barrier to delipidation of membrane-embedded proteins is weaker in a saturated than unsaturated lipid bilayer, favoring protein-protein over protein-lipid interactions (29, 30) . This biophysical principle could contribute to the sensitivity of the UPR transducers to their lipid environment if, as seems likely, approximation of the transmembrane segments in the active oligomeric state entails disruption of some protein-lipid interactions.
Acyl chain saturation also decreases lipid bilayer fluidity, favoring a gel phase over a liquid phase. Transmembrane peptides are preferentially excluded from the gel phase and as a consequence, their local density increases in the liquid phase, favoring dimerization (25) . Finally, the extended conformation of saturated acyl chains increases lipid bilayer thickness. An expanded lipid bilayer may promote dimer formation by altering the tilting angle of the transmembrane domains and by favoring interactions among polar residues that had been forced into the expanded lipid bilayer (31) .
ΔLD-IRE1's responsiveness to acyl chain saturation survived both swapping of the transmembrane domain with that of an unrelated ER protein and sequence scrambling. These findings support the primacy of the aforementioned generic mechanisms and suggest that specific interactions among side chains of the transmembrane domain may be less important to recognition of changes in lipid composition. However, it is worth noting that activation of IRE1 and PERK by this lipid-based mechanism is dependent on special features of their soluble effector domains, such as the ability to form back-to-back dimers, in the case of PERK, or autophosphorylation, in the case of IRE1. Furthermore not all membrane-spanning signal transducers are activated by the lipid perturbation; the EGF receptor that we tested here is not activated. Unfortunately, the resolution of our assays of IRE1 or PERK activity is inadequate for careful quantitative assessment of the role of the transmembrane domain sequence. Thus, the significance of the hint that scrambling of the transmembrane domain sequence reproducibly weakened the response of ΔLD-IRE1α to lipids is difficult to explore, at present.
In cells subjected to an identical perturbation of the lipid environment, both the full-length IRE1 and the full-length PERK have a stronger response than their comparably expressed ΔLD versions. This may reflect the contribution of the lipid perturbation to unfolded protein stress that is sensed through the luminal domain. Thus, the direct and indirect effects of altered lipid saturation on IRE1 and PERK activity may be additive. The relatively feeble activity of the ΔLD transducers may also reflect cooperativity between the luminal and transmembrane domains in promoting dimerization independently of changes in luminal unfolded protein stress. The crystal structure of both the yeast and mammalian IRE1 luminal domains is that of a dimer (7, 32) , which may also engage in higher order oligomer formation. It is thus possible that the luminal domain stabilizes a dimer that is favored by lipid saturation, amounting to lipid sensing by IRE1 and PERK that can be independent of changes in luminal signals. Direct modulation of IRE1α and PERK's activity by the lipid environment and luminal stress-induced activation are two parallel pathways that likely intertwine. By stabilizing the dimer, an increase in the acyl chain saturation could lower the threshold of luminal stress required for unfolded protein-dependent activation of IRE1α and PERK, and levels of unfolded protein stress could modulate the response to lipids by a similar cooperative mechanism. Lipid sensing by IRE1 and PERK may account for instances, such as B-cell development, marked by an apparent discrepancy between a modest level of unfolded protein load and substantial UPR signaling (33) (34) (35) . It may therefore be interesting to examine the potential role of lipids as instigators of what has been termed an anticipatory UPR (36, 37).
The UPR effectors modulate important aspects of lipid metabolism. For example, spliced XBP1 contributes to membrane expansion by promoting phospholipid synthesis (38) , and interfering with PERK signaling by overexpressing an eIF2α phosphatase in the liver attenuates hepatosteatosis in mice (39) . Elevated UPR markers have been observed in the liver and adipose tissue of obese humans (40) . Obesity, diet-induced ER stress, and UPR activation have been linked to insulin resistance (11, 41) and pancreatic β-cell failure (10) and may therefore have a role in the development of type 2 diabetes. Activation of IRE1α and PERK by changes in lipid composition suggests a mechanism by which UPR signaling may contribute to the aforementioned pathophysiological processes directly, as sensors of a primary perturbation.
Materials and Methods
Cell Manipulation. Knockout cells were rescued with IRE1 and PERK derivatives by retroviral transduction, as described in detail in SI Materials and Methods.
ER stress was induced by exposure of cells to tunicamycin, thapsigargin, or DTT. SCD1 inhibitors CVT-11127 (42) (also known as GS-456332) (Gilead Sciences) and MF-438 (43) (Merck Sharp & Dohme) were dissolved in DMSO and were used interchangeably at 1 μM, as they provided equivalent Xbp1 mRNA splicing. Palmitic acid (Sigma) and oleic acid (Sigma) were dissolved in 90% (vol/vol) ethanol. For pretreatment with the SCD1 inhibitors, cells were cultured in DMEM containing 10% FCS, nonessential amino acids, penicillin/streptomycin, glutamine, 50 μM beta-mercaptoethanol, and 14 μg/mL gentamicin. Solubilized oleate and palmitate were added at 0.5 mM in DMEM containing 1% FCS and 1% BSA.
Analysis of protein expression by immunoprecipiation and immunoblotting and the measurement of mRNA expression and Xbp1 mRNA splicing are described in detail in SI Materials and Methods.
Liposome Formation. The liposome mixture contained PC/phosphatidylethanolamine (PE)/rhodamine-PE at a mass ratio of 8/1.9/0.1. PC was composed of a mix of the monounsaturated DOPC and of the saturated DSPC. We adjusted the degree of PC saturation by varying the DOPC/DSPC mass ratio (r), as follows: 20% saturation (r = 6.4/1.6), 40% (r = 4.8/3.2), 60% (r = 3.2/4.8), and 80% (r = 1.6/6.4). Where indicated, liposomes also contained a phospholipid with a nickel-NTA-bearing head group (1,2-dioleoyl-sn-glycero-3-{[N(5-amino-1-carboxypentyl)iminodi-acetic acid]succinyl} nickel salt (DOGS-NTA-Ni)). Nickelbearing liposomes contained a mixture of PC/PE/rhodamine-PE/DOGS-NTA-Ni at a mass ratio of 8/1.8/0.1/0.1. All of the phospholipids were from Avanti Polar Lipids. Subsequent steps in the liposomes preparation were carried out as described previously (44) .
Proteoliposome Formation. Methods of protein expression in bacteria and kinase assays are described in detail in SI Materials and Methods.
Liposomes were partially solubilized in kinase buffer (20 mM Tris·HCl, pH = 7.5, 150 mM NaCl, 2 mM MgCl 2 , 1 mM DTT) containing 0.25% deoxyBig CHAP (DBC) (Merck) and then incubated with bacterially expressed 6×-His-ΔLD-PERK in a lipid:protein mass ratio of 80:1. This mixture containing 800 μg of lipids and 10 μg of protein was added to 30 mg of Biobeads SM2 (Bio-Rad) and incubated overnight at 4°C. The fluid phase was recovered and floated in a 50-30-5% (wt/vol) Optiprep (Sigma) gradient (250,000 × g, 3 h, 4°C) to remove unincorporated protein.
Proteoliposomes were recovered at the 30-5% interface, diluted in kinase buffer, and subsequently subjected to an ultracentrifugation (250,000 × g, 45 min, 4°C) to concentrate proteoliposomes and dilute the Optiprep medium. Proteoliposomes were snap frozen in liquid nitrogen and stored at −80°C until further use. The protein content of proteoliposomes was determined by running the preparations on SDS/PAGE followed by Coomassie stain using Instant Blue (Expedion). Coomassie stain was visualized on an Odyssey scanner (Li-Cor). Protein content was normalized for each lipid mixture and the lipid content was quantified by measuring the fluorescence of rhodamine-PE.
